Twenty-three strains of the seven recognized Listeria species were studied by using DNA-DNA optical hybridization. The level of error in the data was low. Our results supported the results of Rocourt et al. (J. Rocourt, F. Grimont, P. A. D. Grimont, and H. P. R. Seeliger, Cum. Microbiol. 7:383-388, 1982), although there was some overlap between Listeriu monocytogenes and Listeria innocuu. We suggest that there may be more than one cluster in the species L. monocytogenes or the species may form a large spectrum of relatedness. The level of intraspecies homology in L. monocytogenes is very broad, as determined in both this study and other studies. In their DNA studies, Rocourt et al. (10) divided what was the L. monocytogenes complex into the five species that are recognized today; this division was supported by a small number of biochemical differences (11). However, only six 
grayi, and Listeria denitripcans, which was recently reclassified as Jonesia denitripcans [12] ). The first five taxa may be termed the L. monocytogenes complex. Rocourt et al. (10) confirmed the low levels of DNA-DNA homology among L. grayi, L. murrayi, and other strains which were first observed by Stuart and Welshimer (15, 16) . However, when numerical taxonomy is used, L. muwayi and L. grayi group closely with L. monocytogenes strains at * Corresponding author. reference strains were used by these authors, and the intraspecies range of pairing values within L. monocytogenes sensu stricto was considerable (more than 35%).
DNA-DNA pairing values suggest that there is a much greater variation between species than the phenotypic characteristics imply, perhaps because a large portion of the genome is not expressed phenotypically.
The large variation in pairing values within L. monocytogenes sensu stricto raises the question of whether there may be two (or more) clusters within the species; alternatively, the strains may form a spectrum in terms of relatedness rather than distinct groups, and this second possibility is supported by the small number of biochemical differences between strains.
MATERIALS AND METHODS
Bacterial strains and cultivation. The Listeria strains used in this study are listed in Table 1 . The collection numbers and sources of original isolation are given where they are known. Species identifications were taken from publications by experts on the genus (5, 10). Listeria strains were grown in tryptone soya broth (Oxoid) at 35°C and were harvested in the late exponential phase.
DNA extraction. A variation of the method of Marmur (8) was used to extract and purify DNAs.
Bacteria were lysed by incubating them with a lysozyme solution (final concentration, 1 mg ml-') for 1 h at 37"C, followed by 1 to 2 h of incubation with proteinase K (final concentration, 0.1 mg ml-') and 2% (wthol) sodium dodecyl sulfate. The protein was removed by subjecting preparations to phenol-chloroform extractions, and the DNA was spooled onto a glass rod. RNA was removed by treatment with RNase, followed by proteinase K treatment and phenolchloroform ektractions. The DNA was selectively precipitated with isopropanol, washed with 70% ethanol, and dissolved in 0 . 1~ SSC buffer ( l x SSC is 0.15 M NaCl plus 0.015 M sodium citrate).
DNA diluted to a concentration of 200 to 300 pg rnl-' in 2x SSC was sheared by using a French press to a length of 344 to 514 bp. The sheared DNA was dialyzed overnight at 4°C in 500 volumes of 2x SSC buffer.
DNA-DNA homologies. Purified sheared DNA samples were diluted prior to use with 2~ SSC to give anA,,, 1.55 k 0.05 (i.e., a concentration of 75 to 80 pg ml-').
A set of matched semimicro quartz cuvettes equipped with Teflon stoppers were used for the study described below. A volume of 700 pl was used for the homology experiments. A Philips model PU8700 spectrophotometer equipped with a cell programmer and a Peltier heating block was programmed to melt the DNA and follow its renaturation at the optimal renaturation temperature (Tor).
The melting temperature (T,) was determined with the spectrophotometer by increasing the temperature by 1°C min-' until the DNA was completely single stranded (90 to 96°C depending on the strain). The Tor was assumed to be T,,, -25°C in the same buffer system (4).
Renaturation. Samples were denatured in the spectrophotometer; when the absorbance no longer continued to increase, the temperature was held steady for 5 min to ensure that all of the DNA was single stranded. The temperature was decreased rapidly by setting the programmer to 0°C.
When the temperature was Tor + 10"C, the programmer was set to the desired renaturation temperature. The whole cooling process took 2.5 to 3 min. The change in absorbance at the To, was followed for 20 to 30 min. The rate of renaturation was determined from the straight-line portion of the graph by using the equation of DeLey et al. (4) .
Data were represented by using the unweighted pairedgroup method of analysis (UPGMA) (14) and principalcoordinate analysis (14) .
Errors were estimated by using the methods described by Hartford and Sneath (6) .
RESULTS
The average percentage of pairing determined for each pair of strains (from n spectrophotometer runs, where the number of replications was greater than 1) and the standard deviation are shown in Table 2 . A complete matrix (16 by 16) was derived from the data. By subtracting from 100, the matrix of relatedness was converted to a matrix of distances (Table 3) , which were used in a principal-coordinate program The UPGMA showed that all of the strains cluster at a distance of 23. L. grayi and L. murrayi are easily separated by eye. L. ivanovii strains are grouped together; however, the remaining strains appear to be very closely related. Strains C52 and C644 associate before attachment to the rest of the L. monocytogenes strains. A single-linkage cluster analysis gave very similar results; the differences from the UPGMA analysis are (i) strains C52 and C644 do not join first and (ii) L. monocytogenes strains and L. innocua strains are separated, but the branch lengths between the strains of these species are extremely short.
Levels of error in replication experiments were measured as the standard deviations for the DNA-DNA pairing values for each pair of strains (6) . Pairing values were divided into 10 bands at 10% intervals, and the errors were averaged over each 10% range. The average error was plotted against the midpoint of the band (Fig. 2) . The level of error seemed to be independent of the percentage of pairing, although the levels of error were higher at very low pairing values and high pairing values (more than 90%). There were no zero errors or violating triangles when we used the TRUDNA program (Leicester University Vax Cluster) (6) .
DISCUSSION
The range of variation of in levels of DNA relatedness within the species L. monocytogenes was very large, as in the study of Rocourt et al. (lo), suggesting that there is more than one cluster or a spectrum of relatedness. L. grayi and L. murrayi appear to be distinct from the other species, although it is not clear from our data whether L. grayi can be separated from L. murrayi. Some strains of 1:. monocytogenes are more closely related to L. innocua strains than to other L. rnonocytogenes strains. Rocourt et al. (10) separated these two species on the basis of DNA homology data, but the L. monocytogenes strain that was their only reference strain from this species did not seem to be typical of the species. Strain C52 does not seem to be a particularly typical representative of the species L. monocytogenes. Collins et al. (3) compared the 16s rRNA nucleotide sequences of the type strains of Listeria species, and a 'LJPGMA dendrogram of their data suggests that L. monocytogenes and L. innocua come together before they join the other species, although all species are very closely related.
The wide range of values which we obtained supports the :hypothesis that there is either a spectrum of relatedness or 'two or more clusters in the species L. monocytogenes sensu stricto, as suggested by work in which multilocus enzyme electrophoresis was used (I, 2, 9) .
A few Listeria strains were used in both this study and the (7) found that values below 30% were rarely obtained at the DNA concentration which we used and were meaningless. If this is true, then L. grayi and L. rnurrayi may be less closely related to the other five species than is suggested above.
As determined by numerical taxonomy and other chemical relatedness studies, Listeria species, especially L. monocytogenes, L. innocua , L. welshirneri, and L. seeligeri are very closely related, although L. ivanovii is somewhat distinct; DNA pairing data strongly support this conclusion, and there seem to be no strongly defined clusters among the four species. Data from reference 10 and Table 2 . Pairing values in which DNA from each strain was radiolabelled in turn.
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